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Abstract—High fluid pressures have promoted the coupled operation of grain-scale dilatancy and solution~pre-
cipitation processes as dominant deformation mechanisms during cleavage development in a sequence of
Cambrian silicic volcanics in the Mount Lyell area, Tasmania. Episodic opening of pervasive microcracks has
localized the precipitation of material removed from dissolution sites, and has led to the growth of oriented
crack—seal microstructures which are a major element of the overall deformation microfabric. It is argued that
transient, dilatancy-driven fluid pressure gradients, and consequent fluid migration within the fluid-containing
grain-boundary and microcrack network, can play an important role in contributing to mass transfer between
dissolution sites and dilatant microfracture sites.

The enhancement of grain-scale microfracture processes and coupled solution—precipitation processes, which
accompanies the development of near-lithostatic fluid pressures, is expected to lead to high fluid pressure crustal
regimes becoming substantially weaker than otherwise similar low fluid pressure regimes. The onset of such
weakening processes in response to rising fluid pressures is probably a significant factor triggering pervasive

regional deformation of the upper-crust.

INTRODUCTION

IN Low-grade metamorphic terranes, deformation pro-
cesses are usually controlled by aqueous fluid transport
mechanisms operating in conjunction with dissolution
and precipitation processes (e.g. Durney 1972, Nic-
kelsen 1972, Williams 1972a, Means 1977a, Borradaile
etal. 1982, Rutter 1983, Etheridge et al. 1984, Cox et al.
1987). Shortening during deformation involving dissolu-
tion, solution-transfer and precipitation (i.e. pressure
solution or solution-precipitation creep) is usually
achieved by mass loss from grain surfaces or discrete
zones which are oriented at high angles to the shortening
direction (Borradaile er al. 1982). Precipitation of
material removed from dissolution sites occurs in a
variety of sites including pore spaces, pressure shadows,
microfractures and vein arrays (Durney 1972, 1976,
Williams 1972b, Beach 1974, Means 1975, Ramsay 1980,
Cox & Etheridge 1983, Cox et al. 1987). Material trans-
fer between dissolution sites and precipitation sites has
in many cases been ascribed to diffusional processes
(Durney 1972, 1976, Kerrich 1978, Rutter 1983). How-
ever, deformation can involve significant local mass loss
and consequent long-range mass transport (Alvarez et
al. 1978, Geiser & Sansone 1981, Wright & Platt 1982,
Gratier 1983, Beutner & Charles 1985), requiring that
mass transfer via a migrating fluid phase plays an impor-
tant role in many low-grade metamorphic terranes (En-
gelder 1984, Etheridge et al. 1984, Green 1984).

The importance of high fluid pressures in enhancing
permeability and promoting fluid migration and mass

transfer during crustal deformation has been
emphasized by Etheridge et al. (1984) and Cox et al.
(1987). This paper describes and discusses some spec-
tacular examples in which permeability has been
enhanced by grain-scale dilatancy during regional
deformation of a sequence of low-grade metamorph-
osed silicic volcanic rocks. In these examples, dissolu-
tion and mass transfer during cleavage development
have been coupled with precipitation of material in a
network of episodically dilatant grain-scale microfrac-
tures. We wish to highlight the importance of high fluid
pressures in promoting pervasive dilatancy during cleav-
age development, and demonstrate that the develop-
ment of oriented microstructures within dilating micro-
cracks, as well as in dissolution sites, can play a particu-
larly important role in the development of deformation
microfabrics. We also explore the implications of
episodic grain-scale dilatancy for mass transfer proces-
ses during rock deformation, and examine the conse-
quences that high fluid pressures and coupling of dila-
tancy and solution transfer may have for upper crustal
strength during regional deformation.

GEOLOGICAL SETTING

The deformed volcanic rocks which are the subject of
this paper occur within the Cambrian Mount Read
Volcanics of western Tasmania (Corbett 1981). This
region lies within the southern portion of the Palaeozoic
Lachlan Fold Belt of eastern Australia (Williams 1978).

147



148

The volcanic sequence in the Mount Lyell area contains
over 4000 m of silicic pyroclastics and lavas, together
with less common intermediate volcanics, and minor
intercalated sediments. Extensive but varied hydro-
thermal alteration of parts of the sequence was
associated with syngenetic base metal mineralization
(Reid 1975).

Regional Middle Devonian deformation at low
metamorphic grade has produced two orientational
groups of folds in the area (Cox 1981). First generation
(D)) folds are large-scale, upright and tight structures
which control the gross bedding geometry and have
NNW-trending axial surfaces. A first generation axial
surface cleavage shows only sporadic weak development
in the area. Open W- to WNW-trending upright second
generation (D-) folds are prominent in the well-layered
sedimentary sequences overlying the volcanic sequence,
but are not well-developed in the poorly stratified
volcanic sequence itself. D, strain in the volcanic
sequence has been accommodated largely by the
development of a mesoscopically penetrative upright
foliation (§,) which is essentially axial planar to D, folds
in the overlying sedimentary sequence. An associated
steeply plunging mineral elongation lineation (L,) is
well developed on S,. The D, deformation fabrics, which
are the subject of this paper, have developed in response
to approximately plane strain deformation involving
shortenings typically in the range 30-60% perpendicular
to S, and elongations typically ranging from about 50—
150% parallel to L, (Cox 1981).

MICROFABRICS—GENERAL ASPECTS

At the grain-scale, the S,/L, deformation fabric in the
volcanic sequence is defined by a number of microfabric
elements. These include (001) and shape preferred
orientations in layer silicates (Fig. 1), shape preferred
orientations of other phases, and fabric discontinuities
such as layer silicate films and related domainal struc-
tures (Figs. 2-5). The main processes whereby original
microstructures have been modified during deformation
are dissolution and microfracturing. The development
of new microfabric elements during deformation has
been dominated by the development of layer silicate
films at dissolution sites, and by the growth of oriented
fibrous microstructures at microfracture sites within the
interfilm domains. Descriptions of the microfabrics in
these two types of sites are presented in the following
sections.

MICROFABRICS AT DISSOLUTION SITES:
LAYER SILICATE FILMS AND
RELATED STRUCTURES

Oriented layer silicate films, film clusters or bundles,
and related domainal concentrations of phases such as
fine-grained rutile and magnetite are well-developed in
the volcanic sequence (Figs. 2 and 3) and exhibit charac-
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Fig. 1. Typical layer silicate (002) preferred orientations in deformed

silicic volcanics from the Mount Lyell area. Contour intervals are

x-uniform. S, is perpendicular to the (002) pole maximum; L, is the

pole to the (002) partiai girdle. The pole figures for both phengite and

chlorite have a nearly orthorhombic symmetry. (a) Chlorite (002). (b)
Phengite (002). (c) Chlorite (002).

teristics similar to those described in many deformed
low-grade metasedimentary sequences (e.g. Means
1975, Gregg 1985, Southwick 1987). Layer silicate films
typically occur as thin, subplanar to anastomosing sheets
of layer silicates which are subparallel to the mesoscopic
S, orientation, and contain layer silicate grains having
(001) dominantly subparallel to the film length (Figs. 2
a & b). The anastomosing habit of films. particularly
around coarse quartz and feldspar grains or grain aggre-
gates leads to a scatter of (001) poles around the mean S,
orientation. In many cases, films are more strongly
anastomosing in sections normal to L, (N-sections) than
in sections perpendicular to S, and parallel to L,
(P-sections). This contributes to a larger spread of (001)
poles about a girdle normal to L, than about the direc-
tion normal to this, and is a key factor in defining the
linear component of the fabric (Fig. 1).
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Fig. 2. Layer silicate films and associated structures in voleanics. (a) N-section (normal to L.} of hydrothermally altered
silicic tuff. Sinuous to anastomosing chlorite films are subparallel to the mesoscopic S, foliation and have (001) subparallel
to the film length. Very little laver silicate preferred orientation is apparent in the interfilm domains in this section (plane
polarized light. PPL). (b) P-section (parallel to L) of the rock depicted in (a). Note the strong layer silicate (001) and grain
shape preferred orientation in the interfilm domains (PPL). {¢) Truncation of quartz grain due to dissolution at the site of a
layer silicate film (PPL). (d) Short layer silicate films in a laver-silicate-poor silicic volcanic (N-section. cross-polarized light.
XPL}. (e) Anastomosing discontinuous layer-silicate-enriched domains cutting across flow banding in outcrop P-section of
a hydrothermally altered rhyolite. (f) Vitric tuff with opague mineral enriched domains coincident with laver silicate films
(PPL).
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Fig. 3. Layer silicate films in layer-silicate-rich assemblages. (a) Chlorite films developed within a chlorite pseudomorph

after a biotite phenocryst in a hvdrothermally altered eryvstal-vitric tuff (PPL). (b) Detail of chlorite films in (a) (PPL). (¢)

Domuinal layer silicate film development in a pure layver silicate aggregate (XPL). (d) Transmission electron micrograph

showing detail of oriented laver silicate microstructure illustrated in (¢). Small domains of undeformed mica ure inclined to

more elongate. foliation-defining micas. (¢) Elongate foliation-parallel micas intergrown with shorter micas inclined to the
foliation (TEM).
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Fig. 4. Fibrous microstructures in deformed silicic volcanics. (a) Intragranular microfracture in a quartz phenocryst. The
microfracture site has been sealed by fibrous quartz and mica having fibre long axes approximately parallel to the extension
direction across the microfracture. The microfracture apparently has not propagated into the adjacent finer grained matrix.
Note the zone of inclusions along the original microfracture walls on the quartz phenocryst (XPL). (b) Oriented intergrowth
of mica and quartz in an oblique extension microfracture within a quartz phenocryst. Note the syntaxial overgrowth rims of
quartz against the original microcrack walls. and also the presence of some irregularly oriented mica grains amongst the
highly oriented ones (XPL). (¢) Intergrowth of fibrous albite and mica in an intragranular extension microfracture site in a
feldspar phenocryst (XPL). (d) Fibrous microvein in hydrothermally altered volcanic. Individual quartz fibres are usually
svntaxial overgrowths of grains in the vein wall (XPL). (¢) Fibrous intergrowth of quartz and laversilicates in a transgranular
extension site in a hydrothermally altered volcame (XPL). (f) Conjugate sets of oblique extension microfractures forming
a lozenge pattern. The microfracture sites contain fibrous mica with (001) acutely inclined to microfracture walls (see text
for description) (XPL).
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Fig. 5. Fibrous intergranular microstructures in deformed silicic volcanics. (a) Oriented fibrous quartz-mica intergrowth
developed adjacent to a quartz phenocryst grain surface which is inclined at a high angle to L, (XPI.). (b) Fibrous quartz
microstructure developed in a fine-grained. originally equant microstructure in a siliceous rock produced by intense
hvdrothermal alteration of a silicic volcanic (XPL). (¢) Intergranular fibrous quartz-mica intergrowth in a hydrothermally
altered silicic volcanic (XPL). (d) Fibrous mica—quartz intergrowth on the end of a quartz phenocryst where its grain surface
is at a high angle to L.. Note development of irregularly oriented mica platelets in parts of the syntaxial overgrowth rim. and
evidence for solution of quartz and development of a laver silicate film (marked S) where quartz grain surface is at a low
angle to S.. (e) Fibrous intergrowth of chlorite and quartz forming part of a beard on the end of a quartz phenocryst.
Misoriented laver silicates are present at the phenocryst grain surface. Note the sharply defined phenocryst boundaryv (PPL).
(f) Cuspate beard microstructure extending between two quartz phenocrysts (PPL).
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Layer silicate films form major fabric discontinuities
against which various primary volcanic and clastic micro-
fabric elements are truncated (Figs. 2c and 3a). Such
features indicate that significant dissolution and mass
loss has occurred at layer silicate film sites.

The extent of development of layer silicate films in the
volcanics depends on both rock composition and strain.
For example, fine-grained devitrified lavas which have
only minor hydrothermal alteration, and consequently
only a small proportion (<10% by volume) of layer
silicates, have only a weakly developed mesoscopic folia-
tion which is expressed microscopically by the presence
of short layer silicate films (Fig. 2d). Individual layer
silicate grains within films are usually less than 4 um
wide, and up to about 15 um long parallel to (001). With
increasing whole-rock layer silicate content film
development becomes more pronounced. In many vol-
canics, whose groundmass contains around 15-30%
layer silicates, films are separated by interfilm domains
which are seldom more than about 100 um wide. Quartz
and feldspar grains which are bounded by films are
typically elongate parallel to the films due to dissolution
at interfaces abutting films.

Layer silicate films usually have an inhomogeneous
distribution. For example, in areas inferred to have
relatively high strain, such as areas of fine groundmass
adjacent to large undeformed phenocrysts where their
grain surfaces are at low angles to S,, films are longer and
more closely spaced than in adjacent lower strain
regions. In strain shadows adjacent to phenocryst grain
surfaces which are inclined at high angles to S,, films are
commonly not present or are very rudimentary.

Layer silicate films can also occur in closely spaced
clusters which give rise to a mesoscopic differentiated
layering (Fig. 2¢). Such clusters form foliation-parallel,
layer silicate-rich domains which are up to about 1 mm
wide and extend for several tens of centimetres. The
film-poor domains between the film cluster domains can
be up to several centimetres wide. Partly dissolved relict
quartz or feldspar grains, phenocrysts and devitrification
microspherulites caught up in film clusters are markedly
elongate parallel to the domain boundary. However,
there is no evidence for intracrystalline deformation of
quartz or feldspar.

Observations on spacing, width, and length of layer
silicate films suggest that with increasing strain, films
become longer and thicker, as well as becoming more
closely spaced. Their development has involved dissolu-
tion and removal of material at boundaries between
films and interfilm domains, together with formation of
oriented layer silicates at these sites. The dissolution and
removal of quartz, feldspars and carbonate, and the
concentration of layer silicates and other phases such as
rutile at dissolution surfaces (Fig. 2f) points to the
preferential removal of Si, Na and Ca from these sites,
with consequent increase of local K, Fe, Mg, Al and Ti
concentrations.

The microstructure of layer silicate films in pure layer
silicate aggregates in strongly hydrothermally altered
volcanics provides important insights into the processes
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involved in film generation. In the example illustrated in
Figs. 3 (a) & (b), chlorite having (001) at a high angle to
S, has pseudomorphed an original biotite phenocryst in
a silicic tuff, probably during pre-deformation hydro-
thermal alteration. In several places the (001) cleavage
trace has been gently crenulated subparallel to the
external S, orientation. Chlorite films have developed
along some of these crenulated zones, whereas other
films are apparently unrelated to crenulations. Indi-
vidual films consist of elongate chlorite grains, each up
to 10 um wide and up to about 50 wm long, with (001)
and grain long dimensions subparallel to the film length.
Where the films propagate into the surrounding
groundmass, stepping of the boundaries of the
pseudomorphs across films is consistent with shortening
by mass loss from the film sites.

Microprobe analyses of host and film chlorites indicate
that the film chlorite is richer in iron, though Si/Al and
Si/Mg ratios are essentially the same in the two chlorite
types (Fig. 6). The host chlorite is sharply truncated by
the oriented film chlorite without any significant rotation
of the former.

Domainal mica film development in a fine-grained,
initially random mica aggregate produced by extreme
hydrothermal alteration of a silicic volcanic is illustrated
in Fig. 3(c). In this example the anastomosing mica films
which define S, are up to 50 um wide and extend up to 1
mm parallel to S,. The grain elongation and (001) orien-
tation in the films is dominantly subparallel to the film
length. Individual platelets are usually less than 2 um
wide, but have lengths up to 20 pm parallel to (001). The
micas in the interfilm domains occur as aggregates of ir-
regularly oriented grains which are coarser than those in
the film domains. In both the films and elongate interfilm
domains the micas are typically undeformed. Again
there is no evidence of rotation of layer silicates at film
margins and the oriented film micas abruptly truncate the
variably oriented and coarser-grained interfilm micas.

Transmission electron microscopy confirms that both
film and interfilm layer silicates are usually undeformed
(Fig. 3d&e). Within films, individual layer silicate grains
can be up to 20 um long if they are oriented with (001)
subparallel to the foliation. However grains with (001)
inclined to the film length are present, but are much
shorter parallel to (001). Grain boundaries are usually
formed by the (001) plane of one of two adjacent grains.

The microstructures we have described provide con-
straints on the mechanisms by which the layer silicate
films have developed. There is a general lack of evidence
for substantial grain rotation, kinking, or significant
dislocation creep in pre-deformation layer silicates at
film boundaries. These factors, together with the abrupt
truncation relationships and changes in grain size and
composition between relict pre-deformation layer sili-
cates and film-defining layer silicates, indicate that film
generation has not involved rotation of pre-existing
grains into the film plane. Instead, film development has
involved ionic exchange reactions and oriented growth
of new layer silicates in discrete domains from which a
significant volume of material has been removed.
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FIBROUS MICROFABRICS IN
INTERFILM DOMAINS

In the interfilm domains a variety of pre-deformation
microstructures is well preserved. These include pheno-
crysts, devitrified and hydrothermally altered micro-
spherulites, shards, pumice clasts and lithic or crystal
clasts. Where the opposing surfaces of such grains or
grain aggregates are inclined at moderate to high angles
to the L, direction, they are usually separated by
domains containing fine-grained fibrous microstruc-
tures. In these sites the fibres are elongate in a direction
subparallel to L,.

Quartz and feldspar are usually abundant in the
fibrous domains, but may be intergrown with a major
proportion of fibrous to platy layer silicates, particularly
in the more aluminous, hydrothermally altered vol-
canics. However, in some volcanics having a modal
composition dominated by quartz and feldspar, layer
silicates can still be dominant phases in both the film
domains and the fibrous parts of the interfilm domains
(e.g. Figs. 2band 4c, e & f).

Layer silicates in the fibrous domains typically have a
weak or nearly random (001)-trace orientation in N-
sections (Fig. 2a), but appear as highly oriented fibres
with long axes and (001)-traces subparallel to, or gently
inclined to, L, in P-sections (Fig. 2b). Thus the layer
silicate (001) orientation in the interfilm domains contri-
butes in a major way to the spread of (001) poles normal
to L, (Fig. 1). The volume fraction of sites having fibrous
microstructures ranges from about 20-60% in typical
deformed volcanics in the Mount Lyell area.

In a number of cases it can be demonstrated clearly
that the fibrous microstructures in interfilm domains
have developed in progressively opening microfractures.
The best examples are provided by the microstructures
within opened intragranular microfractures which cut
across relatively coarse grains such as phenocrysts.
Similar microstructures are also developed in micro-
fractures which cut across or around many grains (these
sites will be termed ‘transgranular microfractures’). The
abundant development of identical fibrous microstruc-
tures around parts of the surfaces of various pre-
deformation fabric elements indicates that opening of

AlL0,

HOST
CHLORITE
Rt

FILM CHLORITE

FeO 30 40 Si0,

Fig. 6. Compositional variation between host and film chlorite
depicted in Figs. 3 (a) & (b).
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(a)
INTRAGRANULAR
Sp/ L,
(b)
TRANSGRANULAR
(c)

INTERGRANULAR

Fig. 7. Morphology of microfractures: (a) intragranular microfrac-
ture; (b) transgranular microfracture; (c) intergranular microfrac-
tures. Arrows indicate direction of opening.

intergranular microfractures has also been important
during foliation development. The morphology of the
major microfracture types is illustrated in Fig. 7.

Clearly recognizable microfractures range in type
from pure extension microfractures, through oblique
extension fractures (i.e. shear microfractures with a
finite normal displacement) to less common compressive
shear fractures or microfaults (Fig. 8). Transgranular
shear or oblique extension fractures form conjugate sets
which are symmetric about the S, foliation, with their
intersection with the S, plane being approximately
normal to L,.

PURE EXTENSION
5, IL* MICROFRACTURE

OBLIQUE EXTENSION
MICROFRACTURES

Fig. 8. Geometry of microfractures in relation to the Sy/L, fabric

anisotropy.
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The consistent orientation of extension microfrac-
tures at high-angles to the steeply plunging L, mineral
elongation lineation indicates that at the time of fracture
initiation the least principal stress (o3;) was subparallel to
L,. The direction of opening across extension micro-
fractures, as indicated by offsets of grain boundaries,
twin boundaries and microfracture wall irregularities, is
invariably subparallel to L,. The sense of displacement
across oblique extension and shear microfractures,
where it can be judged by offsets of grain boundaries and
other features, indicates shortening at high angles to S,
and extension subparallel to L,. Shear and oblique
extension microfractures can be inclined to §, at angles
as low as 30°.

In the following sections the fibrous microstructures
developed in microfracture sites will be discussed in
further detail.

Intragranular microfractures

The development of fibrous microstructuresis particu-
larly well illustrated within intragranular microfractures
in quartz and feldspar phenocrysts, coarse-grained vol-
caniclastic fragments and devitrification microspheru-
lites (Fig. 4).

Intragranular microfractures have planar to irregular
shapes, and have openings up to about 100 wm. Opening
of microfractures in phenocrysts seldom has resulted in
more than 50% local elongation subparallel to the L,
direction. Intragranular microfractures within pheno-
crysts usually do not propagate into the adjacent
groundmass (Fig. 4a).

Narrow (<30 wm) microfractures can be filled by a
syntaxial overgrowth on the host grain. In quartz pheno-
crysts, for example, overgrowths can be distinguished
from the host grain by having a different incidence, or
type, of solid-phase inclusions, or be delineated by a
surface rich in fine solid-phase or fluid inclusions (Fig.
4b). Where the opening across microfracture walls is
greater than about 30 um, or where a syntaxial over-
growth rim is not present, microfracture sites are usually
occupied by spectacular fibrous microstructures. Quartz
and feldspar fibres have cross-sectional diameters of
10-30 um, and long axes subparallel to the opening
direction across the separated microfracture walls,
regardless of the orientation of the microfracture wall.
These fibres can contain transverse fluid-inclusion-rich
surfaces which are subperpendicular to fibre long axes
and spaced at irregular intervals up to 20 um apart.
These are interpreted as incompletely sealed intrafibre
microfracture sites (Simmons & Richter 1976) and indi-
cate that fibre growth has occurred by a crack-seal
mechanism involving repeated microcracking and seal-
ing by syntaxial overgrowth. Such fibrous micro-
structures are similar to ‘stretched-crystal’ fibres in veins
(Durney & Ramsay 1973). The fact that fibres connect
originally joined positions on either side of intragranular
microfractures, and that they are commonly non-per-
pendicular to the initial microfracture walls is consistent
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with a crack-seal fibre growth mechanism which has
tracked a displacement path (Cox & Etheridge 1983).

In layer silicate-rich volcanics, fibrous quartz or
feldspar is usually intergrown with oriented layer sili-
cates within intragranular microfracture sites (Figs. 4b &
c). The layer silicate fibres and platelets are seldom
greater than about 5 um thick perpendicular to (001),
and have their long axis in the (001) plane and usually
subparallel to the opening direction across microfrac-
tures. Individual layer silicate fibres can extend across
the full width of an intragranular extension microfrac-
ture site and attain lengths up to about 100 xm, but
commonly they extend only part of the way across such
sites. In many examples only layer silicate fibres having
(001) and grain long axes subparallel to the extension
direction are present. However, in other cases, small
misoriented layer silicate grains are present adjacent to
the initial microfracture walls, or are scattered amongst
well oriented layer silicates within the main part of
microfracture sites. The layer silicate fibres have no
apparent orientation relationship with either the
crystallographic orientation of the host grain or the
orientation of the initial microfracture walls.

Cox & Etheridge (1983) have argued that the fibrous
microstructures and layer silicate (001) preferred
orientation in such intragranular microfracture sites
have developed by crack—seal mechanisms involving
repeated intrafibre crack-seal increments. The prefer-
red orientation is considered to develop in response to
preferential rejoining, by syntaxial overgrowth, of
pulled apart layer silicate grains which have their fast
growth directions parallel to the incremental displace-
ment direction across a microcrack.

Transgranular microfractures

Fibrous microstructures identical to those developed
in intragranular extension microfractures are present in
transgranular microfractures which are oriented at high
angles to the L, direction.

In quartz-rich hydrothermally altered volcanics,
transgranular extension microfractures less than about
40 um wide usually extend for up to several hundred
microns at high angles to S,. The fibrous quartz within
them is usually a ‘stretched-crystal’ type of syntaxial
overgrowth on quartz grains in the microcrack walls
(Fig. 4d). Some wider transgranular extension micro-
fractures exhibit microstructures indicative of syntaxial,
antitaxial, ‘stretched-crystal’, or composite growth
mechanisms (see Ramsay & Huber 1983, p. 241),.and
are transitional to abundant mesoscopically developed
fibrous extension veins. Such veins and microveins can
contain inclusion trails, inclusion bands, fibre—fibre
serrations, and stepped albite twin lamellae indicative of
growth by crack-seal mechanisms (Ramsay 1980, Cox &
Etheridge 1983).

Offsets of matching microfracture wall irregularities
indicate that, as in intragranular fibre sites, fibre long
axes connect originally joined parts of microfracture
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walls (Fig. 4e). Particularly in narrow microveins, quartz
fibres clearly connect the pulled apart segments of
originally joined grains.

Transgranular shear or oblique extension microfrac-
tures having a major component of displacement at low
angles to the microfracture walls are symmetrically
inclined about §, and L, (Figs. 4f and 8). Opening angles
between apparently conjugate sets of such microfaults,
or zones of grain translation, are typically in the range
50-90°, with L, being the acute bisectrix. In the crystal-
lithic tuff illustrated in Fig 4(f), the distribution of
dilatant shear microfractures containing fibrous mica
has been controlled by boundaries between clasts.
Quartz and layer silicate fibre long axes within dilatant
shear microfractures lie in the acute angle between L,
and the P-section trace of the microfracture boundary.
This is consistent with fibre long axes being subparallel
to the displacement direction, as is the case in extension
microfractures. Similar zones of grain translation have
been described in experimentally deformed aggregates
{Means 1977b) and discussed by Borradaile (1981).

Intergranular microfractures

Intergranular ‘stretched-crystal’ quartz and feldspar
and associated fibrous layer silicate microstructures are
developed only on host-grain surfaces which are
oriented at high to moderate angles to the L, direction
(Fig. 5).

The development of fibrous quartz-dominated micro-
structures in intergranular sites can involve a history of
repeated crack—-seal growth near the host-grain surface,
within the developing fibres, or adjacent to the boundary
between the fibrous domain and the non-fibrous, fine-
grained groundmass. An increase of fibre diameters
towards host grain margins (Fig. 5a) may indicate that
fibre growth occurred dominantly adjacent to the host
grain. Alternatively, such changes in fibre diameter can
be partly due to dissolution of fibres as they are pro-
gressively pulled away from stress shadows adjacent to
host grains.

Very fine-grained, quartz-rich, hydrothermally
altered volcanics show patchy development of
‘stretched-crystal’ fibrous quartz microstructures (Fig
5b). The distribution of fibres and fluid inclusion bands
which are oriented at high angles to both L, and fibre
long axes indicates fibre growth by repeated grain-scale
microfracturing, pull-apart and syntaxial overgrowth of
individual grains in the originally fine-grained equant
microstructure which is still preserved in the least
strained areas. With continued shortening the fibrous
microstructures can be continually modified by dissolu-
tion~-precipitation processes, thus enhancing the
elongate grain fabric even further.

Oriented fine fibrous intergrowths of quartz and/or
feldspar and layer silicates are spectacularly developed
in the more layer silicate-rich rock types (Figs. Sc-f).
These microstructures are similar to the layer silicate
‘beard’ microstructures which have been extensively
documented in metasedimentary rocks (e.g. Williams
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1972b, Means 1975, Gray 1978), and are identical to the
fibrous intergrowths in the intragranular microfracture
sites described earlier. Accordingly, fibrous structures
present on the ends of grains, where their surfaces are
inclined at high angles to L,, are also interpreted to have
developed by crack—seal processes. In cases where
beard-like fibrous intergrowths extend all the way
between grains (e.g. phenocrysts) which, prior to defor-
mation must have been separated by fine groundmass
(Fig. 5f), the development of the fibrous microstructure
must have involved grain-scale intragranular and/or
intergranular microfracture and fibre growth within the
groundmass. The common hour-glass structure of
beards is attributed to shortening of beards at high
angles to §,, as well as extension of the early-formed
parts of the beards parallel to L, outside the strain
shadows adjacent to the ends of large rigid host grains.

Fibrous fringe structures on pyrite euhedra

Within the intensely hydrothermally altered parts of
the volcanic sequence, disseminated euhedral pyrite is
abundant. Face-controlled fringe structures (Ramsay &
Huber 1983, p. 268) composed of layer silicates and
fibrous quartz are well developed on pyrite grains only
where their surfaces are at moderate to high anglesto L,,
and represent another clear example of growth of fibrous
microstructures in extension sites during foliation
development. The volume of fringe structures relative to
that of the host pyrite grains varies enormously, but
indicates local maximum principal extensions sub-
parallel to L, ranging from less than 10% to in excess of
300% in extreme cases. The quartz fibres in fringes are
typically undeformed, and straight to only gently curved.
Partition surfaces separating differently oriented fibre
aggregates on adjacent faces of pyrite euhedra are also
subplanar in most instances, indicating a dominantly
coaxial extension history during fibre growth (Ramsay &
Huber 1983, Etchecopar & Malavieille 1987).

DISCUSSION
Relation between strain and microstructure

The deformation microstructures developed within
the volcanic sequence in the Mount Lyell area highlight
the importance that coupled grain-scale microcrack
opening and solution—precipitation creep processes can
have during deformation and foliation development. It
is clear that foliation development has been controlled
largely by the formation of dissolution sites (material
sources) and dilatant microfracture sites (material sinks),
and by the development of grain-shape and lattice pre-
ferred orientations in these two types of sites.

Strain has been accommodated largely by dissolution,
microfracture and grain translation. The dissolution and
removal of material from discrete surfaces along which
layer silicate films develop by oriented growth
mechanisms has led to local volume loss and has accom-
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Fig. 9. Summary diagram illustrating the sequence of processes involved in the development of deformation microfabrics
during the dissolution-precipitation creep process.

modated shortening at high angles to the mesoscopic
foliation (Fig. 9). The repeated opening and sealing of
grain-scale extension microfractures in the interfilm
domains has resulted in local volume increase by exten-
sion subparallel to the mesoscopic lineation. Less signifi-
cant displacement or grain translation associated with
the development of oblique extension and compressive
shear microfractures has accommodated shortening at
high angles to the foliation, as well as elongation sub-
parallel to the lineation. For strain compatibility to be
maintained at the boundaries between film and interfilm
domains, film growth must also have involved a com-
ponent of extension parallel to the lineation direction.

Fibrous microstructures in extension microfracture
sites have been shown to be straight to gently curved,
with fibre axes subparallel to the total extension
direction across microfractures, regardless of the orien-
tation of microfracture walls. Importantly, the face-con-
trolled fringe structures around pyrite euhedra are also
typically nearly straight, and indicate that microfracture
dilatancy has been generated by coaxial extension sub-
parallel to the L, lineation.

Shortening within interfilm domains has generally
been minimal, with most of the bulk-rock shortening
being accommodated by volume loss from film domains.
On this basis we can make some useful observations on
volume changes and strain magnitudes within the film
and interfilm domains, and on the mass balance during
material transfer from dissolution sites to microfracture
sites. Comparison of typical bulk strains (see section on

Geological Setting) with typical relative volume
fractions occupied by film domains and interfilm
domains (Fig. 10), indicates that volume loss from
dissolution zones has been of a similar magnitude to
volume increase associated with mineral growth in
dilatant microfractures within the interfilm domains. In
the modelillustrated in Fig. 10 an overall bulk shortening
of 50% has been accommodated by plane strain shorten-
ing of about 90% normal to the foliation in film and
film-cluster domains. This requires a volume loss of
around 70% within the film domains and corresponds to
dissolution of about 50% of the total rock volume. In the
interfilm domains, negligible shortening normal to S,,
but extension of about 100% parallel to L, results in a
volume increase comparable with the volume loss from
adjacent dissolution zones.

We have seen that Si has been the dominant com-
ponent removed from dissolution sites. The high
abundance of quartz relative to layer silicates in micro-
fracture sites in a number of examples is consistent with
essentially conservative mass transfer from dissolution
sites to adjacent microfracture sites. Nevertheless, there
is a significant number of cases in which layer silicates are
the dominant phase filling microfracture sites despite the
bulk rock composition being dominated by quartz and
feldspar. Such an imbalance between the chemistry of
adjacent material sources and sinks indicates that the
size of the closed system during solution—precipitation
creep can be somewhat larger than the separation of
adjacent material sources and sinks.
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layer silicate film domains and fibrous microstructures in extension sites in interfilm domains, suggest that in many cases
volume loss at dissolution sites has been approximately balanced by volume increase at microfracture sites.

Dissolution, solution transfer and precipitation processes

The microstructural evidence overwhelmingly
indicates that aqueous fluids in an extensive grain
boundary and microcrack network have played a major
role in controlling deformation and mass transfer pro-
cesses during cleavage development in the Mount Lyell
area. TEM indicates the ubiquitous presence of bubbles
on grain boundaries and along sealed microfractures,
particularly in quartz and feldspar. Bubbles on healed
microfracture surfaces are clearly the necked-down
remnants of originally more continuous fluid films
(Roedder 1981). Abundant bubbles found on grain
boundaries are the remnants of micropores or originally
continuous thin fluid films (White & White 1981, Urai et
al. 1986).

Any general solution~precipitation creep model
which can explain the formation of deformation micro-
fabrics of the type that we have described must involve a
series of steps as follows:

(1) dissolution of minerals at particular sites;

(2) transport of dissolved species either by diffusion
through a standing fluid, or by transport in a
migrating fluid;

(3) nucleation and growth of minerals from solution at
particular sites.

A number of models have previously been proposed
as controlling dissolution—precipitation creep processes
in non-hydrostatically stressed grain aggregates. The
usual models involve dissolution at solution—solid inter-
faces with high normal stress (e.g. Durney 1972, 1976,
1978, Paterson 1973, Rutter 1976, Robin 1978, 1979,
Raj 1982, Green 1984). Many of these models assume a
closed system in which the solid is stressed by a perme-
able loading frame and is in contact with a fluid at
uniform pressure. Local dissolution and diffusive mass

transfer occur in response to stress-generated chemical
potential gradients around solution-solid interfaces.
Precipitation and mineral growth are envisaged to occur
preferentially at interfaces having relatively low normal
stress.

Such models are an oversimplification of geological
situations such as that illustrated in this paper. In
particular, orientation-dependent dissolution may be
influenced by a number of factors other than variations
in chemical potential due to changes in normal stress and
elastic strain energy around grains. The operation of
microcrack sealing processes in competition with grain-
scale microcrack growth may be expected to result in
transient connectivity between elements of the fluid-
filled grain boundary and microcrack network. In such
circumstances, temporarily isolated fluid-containing

o,

'

transient connectivity

SITE B
o, —»
P
PA B
SITE A
A >F

Fig. 11. Transient connectivity between elements of the fluid-contain-

ing network may result in time-statistical variations in fluid pressure

between fluid films or microcracks (A) inclined at high angles to o, and

dilatant microcracks (B) oriented at high angles to o;. If average fluid

pressure, P, in site A is higher than the average fluid pressure, Py in

site B, then the usual pressure dependence of mineral solubilities will
tend to result in mass transfer from A to B.
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boundaries or microcracks which are oriented at high
angles to the local maximum principal stress may
develop fluid pressures which are higher than those in
dilating microcracks oriented at low angles to the local
maximum principal stress (Fig. 11). The positive
pressure dependence of the solubilities of many minerals
(Fournier & Potter 1982, Helgeson & Lichtner 1987)
means that microstructural sites which time-statistically
have higher than average fluid pressures may preferen-
tially evolve as dissolution sites, whereas microstructural
sites such as dilatant microfractures having lower time-
averaged fluid pressures will evolve as precipitation
sites.

The distribution and physical structure of the fluid
phase in rocks deforming by solution—precipitation
creep may also be of fundamental importance in con-
trolling the dissolution—precipitation geometry. In
dilatant microcracks, the fluid phase will have properties
approaching that of bulk fluid. However, Rutter (1976,
1983) and Fyfe et al. (1978) have argued that any aqueous
fluid distributed along grain boundaries in metamorphic
rocks will typically occur as thin films. Such aqueous
films adsorbed onto boundaries are unlikely to have the
same physical structure and thermodynamic properties
as bulk water (Drost-Hansen 1969). Thus we do not
expect the solubilities and dissolution rate laws for min-
erals in thin fluid films to be the same as those pertaining
in a bulk-fluid phase such as would exist in a dilatant
microcrack. Indeed, Rutter (1983) has suggested that
solute concentrations in thin aqueous films are likely to
be higher than in bulk water. If this is the case, then
concentration gradients between thin films (along grain
boundaries having high normal stress) and ‘bulk’-fluid
sites such as dilatant microcracks, could be of major
significance in controlling the geometry of mass transfer
during solution—precipitation creep.

Many solution-precipitation creep models have
involved mass transfer purely by grain-scale solute diffu-
sion down stress-controlled chemical potential
gradients. Somewhat more local diffusion driven by
surface energy effects may also influence the healing of
narrow fluid-filled microcracks (Smith & Evans 1984).
However, diffusional transport processes need not con-
trol the rate at which material is transported to, and
deposited within dilatant microcrack sites. Increasing
evidence that mass transfer during cleavage develop-
ment can involve path lengths much larger than can be
reasonably achieved by diffusional transport, and
certainly larger than the shortest paths of high, stress-
induced chemical potential gradients (Wright & Platt
1982, Etheridge et al. 1983, 1984) requires that fluid
migration plays a major role in facilitating mass transport
in some environments. We earlier argued that transient
differences in fluid pressure between various parts of the
fluid-containing grain-boundary and microcrack net-
work are likely when grain-scale dilatancy is an integral
part of the deformation process. Under these cir-
cumstances, dilatancy-driven fluid pumping (Etheridge
et al. 1984, Lister et al. 1986) is likely to influence mass
transport rates by cycling fluid between grain-boundary
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fluid films and dilating microcracks. It is important to
emphasize, however, that there may be significant trans-
ient variations in fluid pressures not just between adja-
cent microstructural sites, but also between different
parts of a deforming rock mass.

Transient fluid pressure variations on scales much
larger than grain size can arise as a consequence of
mechanical and stress heterogeneity causing unusually
large cyclic dilatancy variations in particular structural
sites. The dilatant fault jogs of Sibson (1985) are spec-
tacular examples of such structurally induced variations
in dilatancy, which thereby control fluid migration. We
suggest that this concept should be extended to the more
subtle variations in stress and strain rate, and therefore
dilatancy, which will occur in most deforming rock
masses. The geometry of mass transfer and the separa-
tion of material sources and sinks in such situations will
be influenced by factors such as fluid chemistry, host-
rock mineralogy, and the P-T path of the migrating fluid
during the dilatancy pumping cycle. Repeated fluid cyci-
ing between grain-boundary fluid networks and dilatant
structural sites has the potential to generate high effec-
tive fluid-rock ratios and result in major large-scale mass
transfer via migrating fluids. Importantly, the macro-
scopic variations in dilatancy can readily drive fluids
laterally or even downwards in overpressured rock mas-
ses, giving rise to effective fluid recirculation.

In fluid-dominated deformation regimes where rocks
are potentially chemically open systems on large scales,
the overall strain pattern and any attendant volume
changes will clearly be dependent on competition
between volume loss at dissolution sites and volume gain
at nearby microfracture sites. It is expected that in
general there can be domains having substantial volume
loss or volume gain, as well as domains in which volume
has been conserved during foliation development. Rec-
ognition of the distance scales on which mass transfer
has occurred, as well as the distribution of domains of
bulk volume loss and volume gain are potentially power-
ful tools for the analysis of both fiuid migration patterns
and processes driving fluid migration during regional
deformation and metamorphism.

The role of high-pressure fluids in controlling mechanical
behaviour during cleavage development: implications for
crustal rheology

The volcanic sequence at Mount Lyell was deformed
at temperatures around 300°C and at lithostatic
pressures between about 200 and 300 MPa (Cox 1981).
Current models for the depth-dependent rheology of the
continental crust suggest that crustal strengths are near
maximum under such conditions (Meissner & Strehlau
1982, Sibson 1983, Carter & Tsenn 1987) (Fig. 12a).
These models are based on the assumption that only two
deformation mechanisms, macroscopic frictional sliding
and dislocation creep, control crustal strength. They
predict that strength will be at a maximum near the
transition between these mechanisms (usually referred
to as the brittle—ductile transition), and generally ignore
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Fig. 12. (a) Schematic shear strength vs depth profile typical of many
depth-dependent rheological models for the continental crust. The
models assume that upper crustal strength is controlled by a friction
relation of the type described by Byerlee (1978), and that the strength
of the lower part of the continental crust is controlled by dislocation
flow processes. Illustrated are schematic power-law relations for (1)
quartz-rich rock types, (2) feldspar-dominated rocks and (3) mafic
rocks. A major continental ‘stress guide’ (Lister & Davis 1989) is
defined by the region of high strength at around the depth of the
‘brittle-ductile transition” zone. (b) Schematic depth-dependent
theological model in which the operation of solution-precipitation
creep processes, coupled with grain-scale dilatancy at high fluid
pressures, dramatically reduces mid- to upper-crustal strengths,
thereby removing the major continental stress guide and leading to
major crustal deformation.

or minimize the role of the fluid-phase in controlling the
deformation process.

The microstructures and deformation processes
described in this paper have a number of implications for
crustal rheology which are at variance with conventional
depth-dependent rheological models which are based
entirely on laboratory experiments.

(1) The abundant microscopic to mesoscopic exten-
sion veins, which have formed during cleavage develop-
ment at Mount Lyell indicate that near-lithostatic fluid
pressures, and thus low effective confining pressures,
have been maintained during a substantial part of the
deformation history (Secor 1968, Phillips 1972). Labora-
tory studies have demonstrated the importance of micro-
cracking and attendant dilatancy as a major deformation
mechanism at low effective confining pressures (Handin
etal. 1963, Edmond & Paterson 1972, Zoback & Byerlee
1975, Fischer & Paterson in press). Indeed Rutter et al.
(1985) have not only demonstrated experimentally that
intergranular dilatation is important at elevated fluid
pressures, but have also produced intergranular fibrous
microstructures very similar to those we have described.
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Thus, the importance of repeated grain-scale micro-
fracturing such as we have described is seen to be a direct
consequence of high fluid pressures prevailing during
cleavage development.

(2) The ubiquitous evidence for repeated extension
fracturing at a wide range of scales limits stress
differences at the time of fracture to a few tens of
megapascals (Etheridge 1983). Thus, despite the
importance of microfracturing as a deformation
mechanism, the rock strength and deformation pro-
cesses during cleavage development are clearly not
described by frictional behaviour (e.g. Byerlee 1978).
The low inferred strength during coupled solution—pre-
cipitation creep and grain-scale fracturing at high fluid
pressures is in marked contrast to the much higher,
essentially strain-rate independent strengths typical
during pervasive cataclastic deformation of most crustal
materials tested at low to moderate temperatures and
elevated effective confining pressures (Paterson 1978).
We are led to the conclusion then, that the development
of near-lithostatic fluid pressures, and consequent
enhancement of microfracture and grain translation
processes in conjunction with solution-precipitation
creep, must have a dramatic effect in reducing upper
crustal strengths to levels well below those inferred for
low fluid pressure, or essentially non-metamorphic
environments.

(3) The major deformation processes that we have
described (extension microfracture, dissolution—precipi-
tation and mass transport in a fluid phase) are predicted
to have flow laws which are less sensitive to both stress
and temperature than is the case for processes such as
dislocation creep (Raj 1982, Rutter 1983, Etheridge et
al. 1984). This can be particularly so if mass transport via
a mobile fluid phase is deformation rate controlling
(Etheridge er al. 1984). The occurrence of solution-
transfer processes in nature over a large temperature
range (Rutter 1983) supports the concept of low
temperature sensitivity.

Even though the microstructures described in this
paper are spectacular examples of their type, features
such as these are very widespread in low to medium-
grade metamorphic rocks (see Etheridge ef al. 1984 and
Cox et al. 1987 for reviews). We therefore suggest that
the rheology of the upper to middle crust during defor-
mation under prograde metamorphic conditions may not
be adequately described by the conventional depth-
dependent rheology models (Fig. 12a). Rather, substan-
tial regions in the crust may have flow behaviour charac-
terized by relatively low strength and low stress and
temperature sensitivities.

The qualitative effect of adding such deformation
behaviour to depth-dependent rheological models is
illustrated in Fig. 12(b). The low ‘yield stress’ indicated
by ubiquitous extension fracturing raises the ‘brittle—
ductile’ transition, and together with the low tempera-
ture-dependence of flow strength, gives rise to a much
more uniform strength with depth. We have assumed in
Fig. 12(b) that dislocation creep becomes strength con-
trolling in the mid- to lower-crust. It must be emphasized
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that there is no implicit suggestion that the crustal
rheology represented by Fig. 12(b) applies to all crustal
and tectonic settings. Rather, it is considered to be
mainly restricted to active ‘mobile belts’ during prograde
regional metamorphism.

CONCLUSIONS

The microstructures associated with cleavage
development in the volcanic rocks of the Mount Lyell
area illustrate the importance of high fluid pressures in
controlling deformation mechanisms and crustal
strengths. Under the ambient low-grade metamorphic
conditions, dissolution—precipitation processes have
operated together with grain-scale microfracture proces-
ses. The demonstration of the importance of grain-scale
dilatancy during deformation is significant in that it
indicates that deformation has occurred at low stress
differences and low effective stresses, with a discrete
high-pressure fluid-phase occupying a grain-scale net-
work. Fibrous microstructures developed by crack-seal
mechanisms in dilatant microcracks form a very signifi-
cant component of the foliation/lineation defining fabric
elements.

A number of processes have been proposed as possibly
influencing the geometry of dissolution—precipitation
creep. These include material transfer in response to
stress-controlled variations in chemical potential around
non-hydrostatically stressed grains. However other
factors, such as time-statistical variations in fluid
pressure between dissolution sites and microfracture
sites, as well as variations in mineral solubility between
thin, grain-boundary fluid films and fluid-filled micro-
cracks, may also have important effects.

Mass transfer between material sources and sinks may
have occurred by solute diffusion through an essentially
static fluid network and/or by transport with a migrating
fluid. Grain-scale dilatancy-driven fluid pumping in
response to transient fluid pressure variations between
elements of the fluid-containing network is likely to have
been particularly important. Mass transfer over signifi-
cantly larger distances can have been facilitated by fluid
pumping between grain-scale fluid networks and particu-
lar macrostructural sites having cyclic dilatancy. Mis-
matches between the chemistry of adjacent material
sources and sinks indicate that the true separation of
sources and sinks probably has been somewhat larger
than grain size. Thus fluid migration has probably played
a major role in controlling material transfer during
cleavage development.

The operation of grain-scale microfracture and mass-
transfer processes as dominant deformation mechanisms
at high fluid pressures is expected to lead to high fluid
pressure crustal regimes becoming substantially weaker
than low fluid pressure crustal regimes. Such weakening
in mid- to upper-crustal environments may be a signifi-
cant factor triggering major regional deformation
episodes.
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